Abstract-The IEEE 802.16 standard provides a scheme for creating multi-hop relay networks, which can be deployed as a high speed wide area wireless network at low cost. Although the standard defines signaling mechanisms in mesh mode, however, it doesn't specify wireless resource management in the protocol. In this paper, we address the problem of resource allocation with the goal of providing fairness access to wireless channel for all the nodes as well as high network throughput in IEEE 802.16 mesh networks. We first define node's unsatisfactory index and throughput function. Then, a multi-objective programming formulation is proposed for optimizing network performance. Accordingly, a dynamic programming based resource allocation and scheduling algorithm is presented to provide an optimal resource allocation to achieve fairness among different nodes as well as high network throughput in IEEE 802.16 mesh networks. Simulation results show that our proposed algorithm significantly provides both fairness of channel access and optimal network throughput.
I. INTRODUCTION
To achieve the requirement of wide-range wireless broadband access at a low cost, the first IEEE 802. 16 standard, published in April 2002, defined the Medium Access Control (MAC) and Physical (PHY) layers, operating in licensed spectrum between 10 and 66 GHz. A later amendment, IEEE 802.16a, published in April 2003, defines additional PHYs for the 2-11 GHz licensed and unlicensed spectrum and provides enhancements to the MAC to support a mesh topology. IEEE 802. (also known as IEEE 802.16d) incorporates IEEE 802.16a into the original standard. The goal of this standard is to solve the last-mile problem in a metropolitan area network in more flexible and economical way as opposed to traditional cabled access network [1] . Although the IEEE 802.16 specifications define the multiple access signaling mechanisms, the radio resource management issue such as bandwidth allocation and connection admission control are still open [1] .
Resources in IEEE 802.16 mesh network are usually represented by time-slots within a frame. It is very important of solving the resource allocation problem to ensure each Subscriber Station's (SS) requirement and link qualities. There are also many issues to be solved in IEEE 802.16 mesh networks. For example, how to determine the number of time slots of each SS according to its uplink and downlink bandwidth demands? How to assign time slots to each SS in a frame? In this paper, we focus on these issues by exploiting spatial reuse. Although it is well known that a time slot used by a link can be reused by another link if the latter is sufficiently separated from the former, the IEEE 802.16 standard does not explore this. Thus, we present the concept of the current transmission set to efficiently allocate time slots in IEEE 802.16 mesh network with global fairness among nodes and optimal network throughput in mind for IEEE 802.16 mesh network. Furthermore, we use existing algorithm for obtaining the appropriate current transmission sets, which distribute uniformly and cover all links in IEEE 802.16 mesh networks.
Different from previous works on resource allocation and scheduling in IEEE 802.16 mesh networks, we present a multi-objective programming based optimal scheme. Firstly, each node's requirements are defined by two functions, namely, unsatisfactory index and throughput function, which are defined as the optimization objective of each node. Then, we propose a multi-objective programming model, which optimizes unsatisfactory index and network throughput function over a fixed number of time slots. Depending upon the objectives' function, a resource allocation and scheduling algorithm is proposed for ensuring the node's fairness and maximizing the channel utilization. Simulation results show that our proposed algorithm can make use of scarce wireless bandwidth resource and achieve fairness among different nodes as well as optimal network throughput. This remainder of this paper is organized as follows. In Section , we give a brief overview of the IEEE 802.16 mesh standard. Section introduces some related work. System model is described in Section . A multi-objective programming formulation and optimal resource allocation scheme are given in Section . Resource allocation and scheduling algorithm is given in Section .Section presents simulation results. Section concludes this paper.
. OVERVIEW OF IEEE 802. 16 MESH MODE In this section, we provide a brief overview of the IEEE 802.16 mesh mode of operation and signaling mechanisms defined in the standard. IEEE 802.16 protocol specifies two different modes of operation [1] . One is the point to multi-point (PMP) mode, where each of 802.16 access point has a dedicated broadband connection to the Internet. Wireless links operate among a central Base Station (BS) and a set of Subscriber Stations (SSs). Wireless terminals connect to the access points on their first hop and their traffic goes to the Internet through the access point's broadband connection. The other mode of operation is the mesh mode, where all nodes organized in an ad hoc fashion, each node can relay traffic for others. A system that has a direct connection to backhaul services outside the mesh network is termed Mesh Base Station (MBS), all the other systems of a mesh network are termed Mesh Subscriber Stations (MSSs). Uplinks and downlinks are defined as the directions to and from the MBS respectively. Since all access points in the same area share a single broadband connection, the mesh networks decrease the cost of running the access points. There are three scheduling mechanisms to allocate the wireless resources (time slots) for the nodes in IEEE 802.16 mesh networks: coordinated centralized scheduling, coordinated distributed and non-coordinate distributed scheduling. Each mechanism accommodates specific types of communications and potentially offers different levels of guarantees. For instance, coordinated centralized scheduling is aimed at Internet traffic flowing in and out of the network through the MBS, while the mechanisms of distributed scheduling accommodate intranet traffic. For backhaul applications, centralized scheduling is preferable because all the traffics are to or from the BS. Accordingly, in this paper, we focus on centralized resource allocation and scheduling scheme for the IEEE 802.16 mesh networks.
In the basic centralized scheduling mode [1] , a tree based topology is used as a routing tree which is rooted at the mesh BS and all traffic is either to the MBS or from the MBS. In centralized scheduling, the standard supports two control messages, i.e., Mesh Centralized Scheduling Configuration (MSH-CSCF) and Mesh Centralized Scheduling (MSH-CSCH) to help the MBS establish its routing tree and specify the transmission schedules of MSSs in IEEE 802.16 mesh networks. To achieve this, the MBS first broadcasts an MSH-CSCF message containing the routing tree information to the network. An MSS receiving such a message can know its parent and children in the tree and rebroadcasts the MSH-CSCF message according to its index specified in message. The procedure is repeated until all MSSs have received the MSH-CSCF message. After constructing the routing tree by the MSH-CSCF message, MSSs can transmit MSH-CSCH:Request messages to request time slots. The transmission order is from leaves to the root. An MSS will combine the requests from its children into its own MSH-CSCH:Request message and then transmits the message to its parents. This way, the MBS can gather bandwidth request and links' qualities from all MSSs and then broadcasts an MSH-CSCH:Grant message containing the slot allocations to all MSSs. If the MSSs' bandwidth request, or network channel state and other conditions change during a scheduling period, the MBS can also update the routing tree by containing the tree update information in the MSH-CSCH:Grant message. In this case, MSSs have to update their positions in new tree according to the message. Otherwise, the routing tree remains the same as specified in the previous MSH-CSCF message. According this procedure, time slots in a time frame are assigned to links so that the transmission of data traffic is collision free during a scheduling period.
In the basic centralized scheduling scheme, no spatial reuse is used, and the common algorithm derives the available time slots for each MSS from the flow assignments and the routing tree. The transmitting order of all MSSs is also simple. For uplink traffic, the MSS with the largest hop count will transmit first, which is the reverse of the order listed in the routing tree, and the uplink traffic is concentrated to the MBS. For the downlink traffic, the transmission order of all nodes conforms to the order listed in the routing tree, and the MBS first transmits the downlink traffic to its child node, then the child nodes transmit.
Although the standard specifies the signaling and message format in the basic centralized scheduling scheme, however, the details of the centralized scheduling algorithm for efficient and fairness allocation of wireless resources is undefined. In the following section , we will introduce such a transmission scheduling algorithm.
. RELATED WORK Resource allocation and scheduling is an important research topic in traditional ad hoc network and IEEE 802.16 mesh networks. There are many research focused on these issues. Gambiroza et al. propose a fair model for handling fair share problem in wireless multi-hop networks, and present fairness and end-to-end performance in multi-hop wireless backhaul networks through an extensive set of simulation experiments [2] . N.B. Salem and J.-P. Hubaux extend the model in [2] to users and propose a fair scheduling mechanism for optimizing the bandwidth utilization in the mesh networks [3] . Bo Han et al. propose a collision free centralized scheduling algorithm for IEEE 802.16 mesh networks, which takes special considerations on fairness, channel utilization and transmission delay [4] . D.Niyato and E.Hossain present a queuing-theoretic and optimization-based model for radio resource management in IEEE 802.16-based multi-service broadband wireless access networks considering both packet-level and connection-level quality-of-service constraints, which provides a unified radio resource management solution for the IEEE 802.16-based broadband wireless access networks [5] .D.Kim and A.Ganz present a transmission scheduling algorithm for IEEE 802.16 mesh networks, which includes two phases to maximize the network throughput and provide equal bandwidth to each node in the network. The first phase of the algorithm include a node ordering algorithm, the second phase determines a collision-free scheduling procedure [6] . T.Y.Chung et al. propose a dynamic clique-based link scheduling algorithm with minimal bandwidth guarantee for a WiMAX mesh backhaul network. The algorithm strikes balance between throughput and fairness through two phases. The first phase exploits a novel scheme based on cliques to maximize parallel transmission and minimal bandwidth guarantee. The second phase employs a bandwidth tracking scheduling to enhance fairness among users [7] . C.Y.Ng and Tat M.Lok propose a goal programming formulation to model the whole system as well as the client requirements for downlink channel assignment in wireless network. According, a dynamic programming algorithm is proposed to provide an optimal channel allocation scheme to meet client's requirement, however, there is no spatial reuse [8] . Luo et al have proposed a two phases scheduling scheme to achieve fairness in ad-hoc networks. The algorithm constructs a tree comprising all mobile stations, then, rearranges the tree so that it becomes conflict-free among the one-hop flows in each level of the tree. When mobility is taken into account, the tree has to be reconstructed to maintain the global fairness among one-hop flows [9] . Wang et al proposed a measurement-based algorithm to achieve fairness in ad-hoc networks. The algorithm replaces the binary exponential backoff algorithm by another backoff scheme where the contention windows are adjusted according to the stations' fair shares [10] . Shetiya and Sharma present a finite horizon dynamic programming framework that is used to obtain various scheduling algorithms depending on the cost function, which do not consider spatial reuse [11] . J.Tao et al. indicate that the network performance highly depends on the order that SSs join the routing tree and then propose a routing tree reconstruction and concurrent transmission scheme to achieve spatial reuse [12] .N.H.Lee et al. introduce a time slot allocation problem for multi-users wireless networks to achieve minimum rate guarantee under the condition of fixed total power [13] . Petar et al give a summary of the IEEE 802.16 mesh protocol with focus on centralized scheduling algorithms [14] . D.Ghosh,et al. provide an insight to the scheduling framework presented in IEEE 802.16 standard, and present a few representative research proposals and the research issues and challenges for multi-hop WiMAX networks to realize their full potential [15] . Fairness scheduling is one of the challenging problems mentioned in [15] .
Although there are some works similar to our work, however, we present a multi-objective programming based optimal scheme for the centralized scheduling in the IEEE 802.16 mesh networks. Compare with the existing literatures, the objective of our proposal time slot allocation scheme is to achieve higher fairness among all nodes and network throughput by exploiting the spatial reuse effectively in IEEE 802.16 mesh networks. To best of our knowledge, no research work has been proposed to address fairness resource allocation and scheduling scheme that use multi-objective programming method while considering spatial reuse in IEEE 802.16 mesh network.
. SYSTEM MODEL
A. Network architecture
In this paper, we only conducted for upstream traffic from MSSs to MBS, therefore, the mesh network is modeled as a directed graph 
B. Frame structure in IEEE 802.16 mesh networks
In order to describe resource allocation and scheduling scheme for IEEE 8021.6 mesh networks, we first illustrate the frame structure briefly. IEEE 802.16 is a time division multiple access (TDMA) based MAC protocol [1] , built on an Orthogonal Frequency Division Multiplexing (OFDM) physical layer. OFDM transforms blocks of bits into constant duration symbols carried on a set of frequency orthogonal pilot carriers. In 802.16, OFDM symbols are grouped into frames of equal length and frames repeat over time. In IEEE 802.16 mesh networks, the frame contains control sub-frame and data sub-frame. The control sub-frame is divided into transmission opportunities, which are 7 OFDM symbols long. The data sub-frame is future divided into multiple time slots. The time slot is the basic unit for resource allocation in data sub-frame. In this paper, we assume that there are K time slots in a data sub-frame, and label these time slots as ) , , 2 , 1 ( K K respectively. In IEEE 802.16 mesh networks, time division multiple access (TDMA) is employed as the channel access method and only time division duplex (TDD) is supported [1] . For improving throughput in TDMA based mesh networks, spatial reuse of wireless links is a very common technology used in the shared channel multi-hop wireless networks. For example, at the k-th time slot, if link ) , ( v u and link ) , ( y x do not interfere with each other, therefore, they can be transmitted at the same time. Thus, the spatial reuse in TDMA means multiple links can transmit concurrently only if they do not interfere with each other.
C. Current transmission set
For correctly utilizing spatial reuse in IEEE 802.16 mesh networks, therefore, we present the method to compute current transmission sets (CTSs). Usually, the well-known content graph is used to assist computation. In contention graph ) , ( [7] . Since the maximal clique set generation problem is NP-complete, thus, the CTS generation problem is also NP-complete, therefore, it is unrealistic to construct an optimal CTS set. Assumed that the IEEE 802.16 mesh network topology is static, optimal proper clique set is generated by existing algorithms [14] offline in [7] , however, if IEEE 802.16 mesh network topology is not static, then, the scheme is not feasible. Intuitively, if a good CTS subset could cover all vertices in ) , (
, and the number of times every vertex is included in certain CTS subset should be evenly distributed. Thus, in this work, we assume IEEE 802.16 mesh networks is static and hence existing polynomial time heuristic algorithms [17] would be used to generate close to optimal CTS offline.
D. Node's queue model
In this paper, we use node's queue model as same in [9] , which assume that the channel states stay same during a frame. The packets arriving in frame k at a node can be serviced in the next frame only. The external arrivals to each node form an identically distributed sequence. Each node has infinite buffer to store the packets. are the arrivals from other nodes to node i at the end of frame k. If the number of total time slots allocated for node i is n i within current frame k, then, the queue length at the end of frame k is given by ).
In this section, we introduce a mathematical formulation for fairness resource allocation among different nodes within a frame. The goal of the scheme is to provide fairness access to wireless channel for all nodes as well as optimal network throughput in IEEE 802.16 mesh networks.
A. Notation in mathematical formulation
In this section, we formulate the problem of resource allocation as an optimization problem. We will use the following notation in our mathematical formulation.
L : Number of current transmission set in IEEE 802.16 mesh networks, which is the total number of all CTSs generated by algorithm [17] for a given network 
B. Multi-objective programming formulation
To model each SS's requirement, there are two metrics, unsatisfactory index (UnSI) and network throughput. Briefly speaking, the unsatisfactory index is the ratio of the average difference between node's requirement and time slots allocated in a given number of frames to node's requirement. The average is taken over a pre-configured For brief, we define the node i 's throughput at the end of the k-th in the frame x as
Where i n is the number of time slots allocated to SS i at the end of the k-th in the frame x .
As mentioned above, spatial reuse allows multiple links within a current transmission set can transmit at the same time. Thus we derive the CTS j 's unsatisfactory index and throughput at the end of the k-th (
For achieving fairness among different nodes as well as high network throughput, therefore, we define stage gain function
Obviously, the more time slots to be allocated for the CTS j , the smaller ) ( k j x CUnSI and ) ( k j x CΓ − are. However, the other CTSs' unsatisfactory index and throughput are likely to become large. Thus, we should adopt appropriate allocation scheme so that the total network unsatisfactory index and the total throughput is minimum. Therefore, our optimization objective is derived as ) ) ( ), ( ( min 1 11
) ( is described as the total unsatisfactory index and the total network throughput at the end of the frame x .
According to the nodes' allocation of the time slots in each of the CTSs, the above (7) is easily transformed into as following expression:
). ) ( ), ( ( min 1 1
C. Optimization resource allocation scheme
There are two different objective functions in (8), therefore, it is difficult for achieving the two objective function at the same time. In this paper, we assume that the objective function of unsatisfactory index dominate the other objective function for achieving fairness access to wireless channel among all nodes. To solve the conflicting problem, we first quote the definition of the term lexicographic minimum as [8] . A vector is lexicographically optimal in a set if it is the lexicographically minimum vector in the set.
In this paper, it means that we first minimize the unsatisfactory index. If there exists more than one optimal solution, we will choose the one which maximizes network throughput.
. RESOURCE ALLOCATION ALGORITHM In this section, we introduce a transmission scheduling algorithm that determines the transmission order and the number time slots of nodes within a frame. The goal of the algorithm is to achieve fairness among different nodes as well as optimal network throughput in IEEE 802.16 mesh networks. 
is the set of all CTSs generated by algorithm [17] . Therefore,
) is optimization function at the point of the k-th in a frame. Thus,
This recursive (10) yields lexicographically optimal in the current frame. When the available time slots of the current frame is k , the decision to include In this section, we present some experimental results conducted by MATLAB simulator to evaluate the performance of the proposed algorithm. We would like to compare how network performances of the proposed algorithm with others approach and a fairness and network throughput optimization scheme vary with the number of network nodes. For comparison, we also implement the algorithm proposed by D.Kim [6] , referring to D.Kim algorithm, and the algorithm proposed by J.Tao [12] , referring to J.Tao algorithm.
A. Simulation Metrics
There are two performance metrics used to evaluate the network performance: a. Network throughput: which is defined as 
B. Simulation setup and results
We apply the shortest path routing algorithm to obtain a tree network. In the simulation, a given number of SSs were randomly distributed in a square simulation area of size 100 by 100 units, the BS is placed at the center of the simulation area. Both BS and SSs are stationary and work in half duplex. The node's transmission range is 20 units. The interference neighbourhood of an SS includes all its neighbours within the two-hop range. Packets were generated by each SS and transmitted towards the BS in upstream direction. For these experiments we assume heavy load in the network, i.e., each node had always packets for transmission. The parameters used are given as follows. Time slots per frame (K) is 100, bits per time slot γ is 512 bits, each of the packet size is 512 bits, node's requirement is uniformly and randomly distributed in [2, 10] packets respectively, frame duration d F is 10ms, un-satisfaction window is 10 frames. In this paper, we only conducted for upstream traffic for the proposed algorithm, but the results for downstream traffic can be inferred from analysis of the upstream traffic. First, we compare the network throughput between three scheduling algorithms presented above. Fig.1 and 2 illustrate the performance of various schemes with various nodes. The result shows that J.Tao algorithm always achieves the highest throughput of the scheduling schemes, because it always tries to maximize parallel transmission without considering node's fairness. Although our propose algorithm's throughput is lower than J.Tao algorithm's, yet our propose scheme performs well than D.Kim algorithm's. To demonstrate the proposed algorithm's fairness, Fig.3 and 4 show the individual node's fairness index of various scheduling schemes. The results illustrate that our proposed algorithm performs the best in fairness no matter what number of network nodes variance is. The result also show that J.Tao algorithm have low fairness although they can achieve high network throughput.
.
CONCLUSION
In this paper, we have shown how to exploit spatial reuse in resource allocation for achieving fairness among different subscriber stations as well as high network throughput in IEEE 802.16 mesh networks. A multi-objective programming model, which defines node's demand through unsatisfactory index and network throughput function, is formulated. Based on this model, a dynamic programming based resource allocation and scheduling algorithm for IEEE 802.16 Mesh network is proposed, which exploits the spatial reuse and meets each node's requirements. The proposed algorithm uses the same frame structure and message mechanism of the IEEE 802.16 mesh network while accounting for the multi-hop nature. Simulation results show that our proposed algorithm significantly provides both fairness of channel access among different nodes and optimal network throughput for IEEE 802.16 mesh network. Thus, the proposed scheme can provide guidelines for fair scheduling implementation. As for future works, we will extend our proposed multi-objective programming model to support multimedia services with different QoS demands.
